ROBERT M., AND DAVID K. SHELTON, JR. A nondestructive technique to measure wall displacement in the thoracic aorta. J. Appl. Physiol. 32(l): 147-151. 1972 .-This paper presents a simple, highly precise, nonsurgical technique to follow aortic wall motion and consequently monitor pulsatile changes in thoracic aortic diameter. The diameter contours which result can be used in much the same way as pressure contours, because both contours are practically congruent. Pressure contours have been used to estimate cardiac output, to detect some valvular heart disease, and to detect such abnormalities of the aortic arch as coarctation. The technique utilizes an ultrasonic crystal mounted on an esophageal probe by means of a platform which can be tilted. Ultrasound is passed across the esophageal wall and reflects from the walls of the aortic arch. The reflected signals are processed, like radar, to track the position of the reflecting surface, i.e., the aortic walls.
ultrasonics; aortic wall mechanics; hemodynamics THE PURPOSE OF THE PRESENT PAPER is to present a rapid nondestructive technique to follow aortic wall motion and thereby measure the fluctuations in thoracic aortic diameter which occur with pulsatile pressure changes. Many methods for measuring diameter contours have been used in the past, but all have some disadvantages.
One group of methods involves the surgical implantation of dimension gauges (2, 9, 8) . Invasive techniques such as these lead to low estimates of arterial distension, compared to noninvasive techniques (1, 4, 6) . Surgically induced scar tissue in chronic experiments and vessel spasm in acute ones conceivably could alter wall motion. Even slight disruption of the tethering effect of perivascular tissue may interfere with pressure-diameter-length relationships.
On the other hand, those methods which use noninvasive techniques often suffer from loss of resolution. Angiographic techniques (4)) for example, are ideal in that they do not disturb the normal physiology of the region being studied, but they do not have the necessary resolving power to follow very small displacements.
The new technique presented here not only is nondestructive but also has resolving power to track displacements in the order of microns. Repeated measurements can be made over extended periods of time.
INSTRUMENTATION
Before proceeding with a detailed description of the instruments and their specifications, an overall view of the general technique seems advisable. In this study, a transesophageal approach to the aorta was used, i.e., the crystal generating and receiving sound waves was placed on a tube which was passed down the esophagus to the level of the aortic arch. The walls of the aorta were then tracked by shooting ultrasound through the esophagus. To help establish the validity of the technique, pressure tracings were recorded from the same aortic site at which the diameter measurements were made.
The ultrasonic system consists of a rectangular, 5 x 7 mm, 5 mc, lead titanate zirconate crystal attached to the end of a plastic esophageal probe (Fig. 1) . The end of the probe, a white plastic cylinder containing the crystal, is shown in the encircled insert (upper left) within Fig. 1 . About halfway down the cylinder, the crystal is attached to a platform which allows the tilt of the crystal to be adjusted. The pivot point of this platform can be seen as a black dot. To the left of this dot is the crystal with wires attached to each of its surfaces. These wires pass through the plastic tubing of the probe in the shielded cable. The critical feature is the fact that the tilt of the crystal can be adjusted from the outside when the crystal is in position down the esophagus.
The power source consisted of a Nortec model NDT 100 plug-in which supplied a 2-psec burst of electrical energy to the crystal at a repetition rate of 2 kHz, the peak voltage being 25 v. The signal produced by the echo was fed to the Nortec amplifier using a 5-to 20-MHz bandwidth and moderate damping. The output of the amplifier was displayed on a Tektronix 551 oscilloscope shown schematically in Fig. 1 .
Motion pictures (80 frameslsec) of the face of the oscilloscope were taken, and these were read frame by frame. Figure 2 shows two such frames. Comparing the bottom frame to the top frame, one finds a minute shift, to the left, of the spikes in the pulse-echo trace. This indicates slight motion of the reflecting site toward the crystal.
The characteristics of the system were checked statically and dynamically.
The static calibration was done with a depth micrometer, and the system was found to be linear to the 0.04mm level. A scale factor based on the speed of ultrasound in tissue was used to convert transit time to distance. This factor is essentially the same (+570) in all the tissue involved in these experiments (blood, muscle, fat, etc., but not bone) and the value of 1,570 m/set was used. The dynamic response of the system was tested by moving a reflecting surface so that the distance between it and the crystal varied sinusoidally with time. The output of the system was then compared with the known sine-wave displacement. It was found that the system had a flat frequency response with no detectable phase shift within the spectrum of anticipated experimental frequencies (2-20 Hz). Furthermore, filmed data were read and analyzed by a digital computer. From the computer analysis it was found that there was no spurious harmonic, the amplitude of which was greater than 0.04 mm. The actual apparatus used in the dynamic calibration is shown and described in Fig. 3 .
In addition to studying the static and dynamic responses of the system, it was necessary to consider the characteristics of the echo signal as it related to the angles and position of the reflecting surface. There were no such thorough studies written in the biological literature; yet for precise measurements at least a general knowl- and pressure systems were also tested using the apparatus just described (Fig. 3) With the esophageal probe in place and the echo trace from both walls located, the carotid artery was exposed and the stainless steel catheter was positioned so that its tip was lying opposite the crystal in the distal part of the aortic arch. As already stated, the probe and catheter had previously been marked to indicate equal lengths so that they could be inserted to equal depths. The position of both devices was confirmed by fluoroscopy in some cases. The following procedure, done alter the data were collected, also con- firmed the alignment of the pressure and diameter transducers at the level of the arch. With the pulse-echo system tracking the aortic walls the left chest was opened. The signal indicated no change in reflecting site as air entered the thorax. A finger was moved along the surface of the aorta until the reflection from the far wall disappeared. This procedure indicated the exact site from which the pulse echo was originating by destroying the tissue-air interface. With gentle pressure, the tip of the catheter was then palpated adjacent to the reflecting site in the aorta.
The data, which were recorded in movies of the oscilloscope, were analyzed as follows. The film was projected onto a small screen and pressure and diameter were read frame by frame, the diameter being taken as the indicated distance between near and far wall. As will be discussed below, the excursions of the far wall are close to 10% of the mean diameter, and those of the near wall are about 0.5%. A scale factor (dial setting on the oscilloscope time base) which would be appropriate to follow the near wall motion would be completely inappropriate to follow the distance between the two walls. For example, if 1 mm on the oscilloscope represented 10 1-1 so as to follow near wall motion, then the oscilloscope would have to be close to 2 m wide in order to see the reflections from the far wall simultaneously.
Therefore three dial settings were used, one to measure the mean diameter, another to follow the motion of the far wall, and a third to follow the motion of the near wall. Figure 6 shows simultaneously recorded pressure and diameter contours. A scale factor appropriate to follow the motion of the far wall was used, and so the near wall appeared as practically stationary and was considered as fixed. As noted above, a maximum error of 6% in the estimation of peak distension results from this assumption.
Validity of technique. The validity of the data was checked in two ways. First, the diameter contours were compared to the recorded pressure contours. Second, the magnitude of the diameter excursions was checked by means of the Moens-Korteweg equation. Other investigators (2) have consistently found a close agreement between pressure and diameter contours, and Fig. 6 shows that the present technique also produces the expected similarity of contours. The close similarity of contours is most impressive when one realizes the magnitude of the discrepancies involved. Figure 6 shows typical contours even though the dog was hypertensive. It was chosen because, during diastole, the pressure happens to fall almost linearly so that the oscillations of the diameter values around those of the pressure are obvious. Note that the amplitude of these oscillations is in the order of 30 p. The close agreement of pressure and diameter contours thus supports the validity of the technique. Table 1 shows another way in which the data were checked. The pulse pressure (AP) and percent strain (AD/D X 100, where D represents aortic diameter) are tabulated along with calculated wave propagation velocities (C). The Moens-Korteweg equation, c2 = 0.67 gAP/pE (where g is the gravitational constant, p the density of blood, and E the strain, i.e. AD/D), was used in these calculations.
The average aortic diameter was 16 mm, with minimal variation from one animal to the next (=t 10%). The calculated wave velocity had an average value of 5 which agrees well with previously reported wave velocities. This agreement between calculated and expected values suggests that the diameter, data on which the calculations were based must be reasonable.
Critique of method. One of the main criticisms of ultrasonic pulseecho techniques has been that, when relying on one-dimensional time-amplitude systems, it is often difficult to identify structures and verify artifacts (3). However, in a series of six dogs, the distal wall of the aorta was so easy to locate and identify that it could be used as a landmark to locate other structures in the thorax.
The acoustical impedance matching of two media determines the strength of the reflection from their interface. The impedance mismatch at an air-tissue interface is very great, and therefore the reflection is virtually total. For example, ultrasound does not readily lend itself to transthoracic measurement. With a transesophageal approach, the outside of the distal aortic wall is air backed. The interface acts as an ideal reflector and gives a signal-to-noise ratio of 25 db. Such a strong reflection often causes multiple echoes or reverberations. These artifacts are easily recognized and disregarded because they appear at multiples of the original echo's distance and indicate greater pulsatile excursions. Other types of artifacts are unlikely because of the proximity of the aorta to the crystal.
The ultrasonic signal was originally processed using a gated system similar to that of Hokanson et al. (6) , whereby the transit time, representing distance, was converted to a voltage readout. However, in our study, obtaining high resolution and monitoring the signal stability required the use of a high-speed movie camera. As previously described, one could read these films to within ho.04 mm. This is not surprising since Giglio et al. (5) were able to measure intraocular distance to within ~tO.016 mm using higher frequencies.
In summary, a rapid, nondestructive technique to follow the motion of the wall of the thoracic aorta has been presented. The technique always works, produces very precise data, and can be repeated in the same animal as desired. 
